Abstract. Clouds in the fair weather return path of the Global Electric Circuit (GEC) reduce conductivity because of the limited mobility of charge due to attachment to cloud water droplets, effectively leading to a loss of ions. A highresolution GEC model, which numerically solves the current 5 continuity equation in combination with Ohm's law, is used to show that return currents partially flow around clouds, with current divergence above the cloud, and convergence below the cloud. An analysis of this effect is presented for various types of clouds, i.e. for different altitude extents, and 10 for different horizontal dimensions, finding that the effect is most pronounced for high clouds with a diameter below 100 km. Based on these results, a method to calculate column and global resistance is developed that can account for all cloud sizes and altitudes. The CESM1(WACCM) Earth
continuity equation in combination with Ohm's law, is used to show that return currents partially flow around clouds, with current divergence above the cloud, and convergence below the cloud. An analysis of this effect is presented for various types of clouds, i.e. for different altitude extents, and for different horizontal dimensions, finding that the effect is most pronounced for high clouds with a diameter below 100 km. Based on these results, a method to calculate column and global resistance is developed that can account for all cloud sizes and altitudes. The CESM1(WACCM) Earth
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System Model as well as ISCCP cloud data are used to calculate the effect of this phenomenon on global resistance. From CESM1(WACCM), it is found that when including clouds in the estimate of resistance the global resistance increases by up to 73 %, depending on the parameters used. Using 20 ISCCP cloud cover leads to an even larger increase, which is likely to be overestimated because of time-averaging of cloud cover. Neglecting current divergence/convergence around small clouds overestimates global resistance by up to 20 %, whereas the method introduced by previous stud-25 ies underestimates global resistance by up to 40 %. For global GEC models, a conductivity parametrization is developed to account for the current divergence/convergence phenomenon around clouds. Conductivity simulations from CESM1(WACCM) using this parametrization are presented.
Introduction
The Global Electric Circuit (GEC) is a system of currents spanning from the troposphere to the ionosphere. Currents totaling 1-2 kA, are generated by thunderstorms, which 35 charge the ionosphere to approx. 250 kV, and return to the Earth's surface in fair weather and semi-fair weather regions with a current density of approx. 2 pA m −2 . The atmosphere acts as a resistor with a global resistance of approx. 150-300 Ω. For summaries on atmospheric electricity and the 40 GEC see e.g. Rycroft et al. (2008) and references therein.
Atmospheric electrical conductivity (the inverse of resistivity) largely determines the fair weather current distribution and global resistance. Conductivity, σ, is proportional to the product of ion mobilities, µ + , µ − , and ion concentration, n:
where e is the elementary charge. Ion concentration for positive and negative ions is assumed to be equal, and is determined by the equilibrium of ion production and loss rate.
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Ion production in the lowermost troposphere is mostly due to radioactive decay from Radon emitted from the ground, whereas cosmic rays are the main ionization source in the upper troposphere and stratosphere. Ion-ion recombination and ion attachment to aerosols and cloud droplets lead to 55 a loss of ions for conductivity. Detailed descriptions of conductivity are provided by Baumgaertner et al. (2013) , B13 hereafter, Tinsley and Zhou (2006) , TZ06 hereaffter, Rycroft et al. (2008) , and Zhou and Tinsley (2010) , ZT10 hereafter. Our purpose here is to characterize the role of clouds in 60 the fair weather part of the GEC, hereby defined as clouds that do not contribute to the source current of the GEC and are located in the GEC's current return path. We will characterize these types of clouds by studying the current flow, clouds. Only a small number of authors have studied these clouds so far. ZT10 were the first to include and parametrize these clouds in global calculations of conductivity and resistance. They suggested a reduction of conductivity between one and two orders of magnitude inside the cloud. Their technique is further discussed in Sect. 5. Nicoll and Harrison (2009) presented air-to-earth current density measurements from two sites in the UK, together with solar radiation measurements, and showed that current density below the cloud can be reduced, depending on cloud height and 75 cloud thickness. Space charge development at the boundaries of clouds in the fair weather part of the GEC has been addressed by Zhou and Tinsley (2007) , using model simulations, whereas a discussion of measurements of cloud edge charging from balloon flights was presented by Nicoll and
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Harrison (2010). Zhou and Tinsley (2012) discuss time dependent charging of the cloud edges. A feedback of cloud edge charging on cloud evolution is discussed by Harrison and Ambaum (2009) . Note that many of the studies above aimed at discussing cloud electricity in the context of specu-85 lated relevance for weather and climate. Cloud water droplets absorb ions, both through diffusion and conduction (Pruppacher and Klett, 1997, chapter 18.3.1) . The effects of weakly electrified clouds can be described based on their ice and liquid droplet number concentrations 90 and radii. Inside clouds, ion number concentration n is constrained by the equation
The first term on the right hand side refers to the ion pair 95 production per unit volume, where q is the ionization rate. The second term corresponds to the ion-ion recombination, where α is the ion-ion recombination rate coefficient. The third term describes the ion attachment to neutral aerosol particles, where β(r i ) is the attachment rate coefficient to 100 neutral aerosol particles of type i, with radius r i and concentration S. Finally, the last term refers to the ion attachment to cloud particles through diffusion, where N r is the cloud droplet concentration, A r the droplet radius, and D is ion diffusivity given by
As discussed by Pruppacher and Klett (1997) , for fair weather conditions the electric fields are small, such that conduction can be neglected.
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For the static case considered here, Eq. (2) becomes quadratic in n. Note that Eq. (2) describes the ion attachment to cloud droplets as a loss of ions because the mobility of the ionized droplets is very small, such that they are effectively lost for electrical conductivity.
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From conductivity, column resistance and global resistance can be derived, which are both important parameters for the GEC. Note, however, that the concept of column resistance is based on the assumption of small horizontal gradients in potential and conductivity, i.e. only vertically flowing 120 currents. Strong horizontal gradients in potential and conductivity violate this approach, as will be demonstrated in the next section.
Column resistance is defined as the vertical integration of the reciprocal of conductivity:
where dz are the layer thicknesses. Then, global resistance can be calculated as the horizontal integral of reciprocal column resistance:
where r is the Earth's radius, φ is longitude and λ is latitude. Global models of conductivity generally do not resolve clouds. To account for a model grid cell cloud cover frac-135 tion f and a reduction of conductivity by a factor η inside a cloud, ZT10 and B13 used the law of combining resistors in parallel and derived
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to correct for cloud reduction of conductivity. However, the parallel resistor law can only be applied if the resistors are connected, i.e. the same potential must be present at the connection points. For a cloud that would mean that there is equal potential above the cloud-covered fraction of the grid 145 box and above the clear-air fraction of the grid box at the same height, i.e. no horizontal potential gradient in each grid box. Analogously, no horizontal potential gradient would be allowed at the level below the cloud. With this approach it would follow that most of the current flows around the cloud 150 because of the large resistance of the cloud. This is depicted in Fig. 1a , showing the current flow (arrows) and average column resistance R col . In Sect. 3, using a GEC model, it will be shown that only for very small clouds can the horizontal resistance above/below the cloud be neglected, allowing one 155 to assume uniform horizontal potential. The approach here is therefore termed the small cloud approximation. Note that ZT10 and B13 did not consider the potential changes and assumed their approximation was valid for all cloud sizes. A different approach to account for clouds, here termed 160 the large cloud approximation, uses the fact that the ionosphere as well as the Earth's surface both have equal potential on a scale up to the order of magnitude of 1000 km, thus on a scale applicable for cloud resistance calculations. Resistance of a column with partial cloud cover f is then estimated 165 using the parallel resistor law:
A. J. G. Baumgaertner et al.: Clouds in the fair weather part of the GEC 3 where R cloud col is calculated with Eq. (4) using a conductivity profile with conductivity ησ(z) for levels z with cloud cover, i.e. assuming 100 % cloud cover in the grid cell. The assumed current flow and the column resistances R no-cloud col and R cloud col are depicted in the schematic of Fig. 1b . The approach can be extended to account for several layers of clouds. However, this formulation only applies when the currents are 175 assumed to flow vertically (normal to Earth's surface). For small clouds, where currents flow around the cloud as will be shown in Sect. 3, horizontal currents arise above and below the cloud, and the approximation of Eq. (7) only holds for large clouds. For a general solution, integration would need 180 to occur over lines of constant potential. A demonstration of the error resulting from a simple example problem can be seen in Romano and Price (1996) .
To account for small-scale conductivity changes through clouds, global resistance cannot be calculated with integrals 185 over conductivity, and must be derived from Ohm's law by calculating the current flowing over a boundary with a fixed potential,
where Φ I is the ionospheric potential and I tot the total GEC current, which can be calculated as the surface integral of the downward component of the air-to-earth current densities:
Ionospheric potential, Φ I , and current density, J, can only be calculated by solving the current continuity equation for the GEC. Then, clouds of all sizes are completely accounted for in the estimate of global resistance. However, global 3-D models of the GEC are generally not employed on spatial
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resolutions that resolve clouds, similar to conductivity models or climate models. Therefore, an approach is presented here that is based on replacing column resistance by an "effective column resistance" R col , which can truly account for any type of clouds in the column, yielding the true global 205 resistance R Ohm tot by integrating over R col as in Eq. (5). This new approach is termed the current continuity approach, as the current continuity equation in combination with Ohm's law is solved to derive the current distribution in the vicinity of the cloud using a local area, high resolution model, that 210 can resolve the considered clouds.
We define R col as
because then, making use of the definitions in Eqs. (5), (8) 215 and (9),
220
With this new definition, horizontal integration of the reciprocal effective column resistance yields the global resistance R Ohm tot for any type of circuit between the ground and the ionosphere, and will be used to derive the net effect of clouds on the (semi-)fair weather part of the GEC. For the 225 current continuity approach, Fig. 1c depicts a schematic of the current flow around the cloud, here termed the divergence/convergence phenomenon, and the "effective column resistance" R col , which is a function of latitude and longitude.
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For the discussion of global resistance it is also important to note that for deriving time-averaged global resistance R tot , time-averaging has to be performed over global resistance, R tot (t), and not over conductivity or column resistance. This is due to the fact that parallel column resistances are averaged 235 according to the parallel resistor law to derive global resistance. For example, first averaging cloud fractions f (t) over time to derive f and then using f to calculate conductivity, column resistance and global resistance leads to an overestimation of global resistance. This will be discussed further in 240 the discussion below.
Section 2 describes the conductivity module and a GEC model that is used to quantify the effects on currents and potentials. In Sect. 3, high-resolution GEC simulations of individual clouds in the fair weather region are presented. The ef-245 fect of these findings on a global scale is discussed in Sect. 4. Section 5 develops and evaluates a parametrization of clouds in the fair weather region of the GEC for use in conductivity models.
Model and dataset descriptions 250

GEC model
The defining equations for current flow are the current continuity equation and Ohm's law (see e.g. Zangwill , 2013, chapter 9.4):
where J is the current density, S is the negative time derivative of charge density, which describes thunderstorms and electrified clouds, σ is conductivity, and E is the elctric field.
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If no changing magnetic fields are present, the electric field is defined as the gradient of a potential Φ: E = −∇Φ, in which case Ohm's law can be written as
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Combining Ohm's law and the current continuity equation yields the partial differential equation (PDE)
To solve this for the current density and potential distribu-270 tions, we employ a finite element model formulation, which requires a variational formulation of the PDE. Incorporating boundary conditions, the problem can be written as:
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where Ω represents the domain that the PDE is solved for (i.e. a region of the atmosphere), Γ E is the earth boundary, and a Dirichlet boundary condition is implemented with Φ E , the fixed potential of the earth, here arbitrarily taken to be zero. Γ L and Γ R represent the left and right boundaries of the 280 domain where the current is expected to be vertical far away from any clouds. For the top boundary to the ionosphere, Γ I , a Neumann boundary condition can be chosen:
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Alternatively, it is possible to use a Dirichlet boundary condition (i.e., enforce a fixed value at the top):
The solution is obtained over the domain Ω where σ varies 290 exponentially in height, and within Ω C (the cloud) σ c = ησ, where η is a constant. The variational form of the PDE solves for Φ ∈ V , where V is a suitable function space, such that
where integrals over the Γ L and Γ R boundaries would appear 300 in L(v) if they were non-zero. This formulation was implemented in the Fenics Python program (Logg et al., 2012) to obtain the potential and current distribution throughout the domain.
With the current densities known throughout the domain, 305 one can integrate over the lower boundary to determine the total current
Then, one can determine the global resistance following 310
Eq. (8).
For the GEC cloud simulations presented in the next section we specify a fixed potential equal to 300 kV at 60 km altitude and assume sources of charge to be not changing with time.
315
The GEC model has a flexible horizontal and vertical resolution. For the following section, the resolution and domain size were adjusted to suit the studied cloud size, such that the cloud and the region below the cloud are resolved. For example, for a cloud with 10 km diameter, a horizontal resolution 320 of 1 km, a vertical resolution of 100 m, and a domain diameter of 50 km are suffcient. For the upper boundary, a height of 60 km is used for all simulations.
Conductivity model
Conductivity calculations are performed using the Whole At-325 mosphere Community Climate model (Marsh et al., 2013) which is part of the Community Earth System Model, CESM1(WACCM), with an additional module to calculate conductivity. The driving parameters in the conductivity module are temperature, density, pressure, aerosol concentra-330 tions (from CESM1(WACCM) simulations with CARMA), and optionally cloud coverage. The model is described and evaluated in detail within B13, using average atmospheric and solar conditions. Here, we use Specified Dynamics version of WACCM (SD-WACCM), where temperatures and 335 winds are nudged to meteorological assimilation analysis results (GEOS5), see Lamarque et al. (2012) for a description.
Note that the vertical coordinate system of CESM1(WACCM) is mostly based on atmospheric pressure, which is very adequate for conductivity and column 340 resistance calculations because of the exponential increase in conductivity. The level spacing is approximately 300 m near the surface and increases to several kilometers in the stratosphere, although this depends on the chosen vertical resolution. The horizontal resolution of CESM1(WACCM) 345 is also very flexible, and can range from 25 km to 500 km in latitude and longitude, depending on the chosen simulation grid. The simulations presented below use a grid with 1.9
• resolution in latitude and 2.5 • in longitude.
ISCCP dataset
350
The ISCCP (International Satellite Cloud Climatology Project) uses data from a suite of weather satellites. A documentaion and further references are provided by Rossow and Schiffer (1999) . We use the ISCCP cloud type classifi-cation and the associated mean annual cloud coverage data,
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which is derived from daytime measurements. ISCCP classifies clouds in three altitude regimes (up to 680 hPa, between 440 and 680 hPa, and above 40 hPa), and further into cumulus, stratocumulus, stratus (low clouds), altocumulus, altostratus, nimbostratus (middle clouds), and cirrus, cirrostra-tus, deep convection (high clouds). Unfortunately, ISCCP does not provide global cloud thickness data. Cumulus/stratocumulus and stratus clouds were chosen to span the height range 1-2 km, altostratus to span 3-5 km, altocumulus to span 2-3 km, nimbostratus to span 365 2-5 km, and cirrus/cirrostratus to span 8-9.5 km. Deep convective clouds are not considered, as they are generally electrified. Other cloud categories, especially nimbostratus, might also experience electrification, but since there is not enough consistent understanding of electrified nonthunder-370 storm clouds (MacGorman and Rust, 1998), they will be considered to be in the semi-fair weather region in the global resistance estimates below. However, further work appears necessary for a better classification of cloud electrification. This will be discussed further in Sect. 5.
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Single clouds
For the GEC simulations, an average background (cloudfree) conductivity profile from the work by B13 is used with no horizontal variability. The domain borders in the horizontal were chosen to be sufficiently far away from the cloud 380 edge, so the domain size increases for simulations with larger horizontal cloud sizes. To simulate the effect of a single cloud, conductivity is reduced inside the cloud. As previously shown by Zhou and Tinsley (2010) , the conductivity reduction inside a cloud can be approximated by a frac-385 tion η of ambient conductivity. Estimates for η range from 1/10 (Nicoll and Harrison, 2009 ) to 1/50 (Zhou and Tinsley, 2010) .
Figures 2 and 3 present (a) the current density distribution, (b) air-to-earth current densities, (c) column resistances and 390 (d) potential differences for a simulation of a cirrus cloud (Fig. 2) and a stratus cloud (Fig. 3) . For both cases a cloud diameter of 10 km was chosen, and η = 1/50.
For the cirrus cloud a thickness of 1.5 km, spanning from 8 to 9.5 km was chosen. The top panel in Fig. 2 depicts the 395 current density streamlines (tangent to the current vector). As expected, there is a strong reduction from an average current density of 2.5 pA m −2 to 0.6 pA m −2 inside the cloud. However, the streamlines show that currents bend around the cloud, leading to higher-than-average currents (red) at 400 the edges. There is a current divergence above the cloud, and convergence below. The effect on the air-to-earth current density is shown in panel (b). The red line depicts the airto-earth current densities if only vertical currents were permitted, i.e. the ionospheric potential divided by the column 405 resistance R col . The blue line shows the model result, indicating that the current density reduction is in fact less severe, but spread out several kilometers past the cloud edge.
In panel (c), showing column resistance, the red line depicts the vertically integrated column resistance R col , and the 410 blue line depicts the column resistance R col calculated as ionospheric potential divided by simulated air-to-earth current density, as defined in Eq. (10) (see also the schematic in Fig. 1) .
Panel (d) depicts the potential distribution around the 415 cloud. Clearly, even for the 10 km cloud shown here, there is a strong horizontal potential gradient both above (at 9.5 km) and below (at 8 km) the cloud, showing that the assumption of the small cloud approximation of equal potential at equal heights does not hold, as mentioned in the introduction.
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In order to simplify further studies of cloud effects on larger horizontal domains, it is desirable to replace R col with only one value for the cloud area, where the fair weather column resistance remains unchanged. Therefore, we are looking for a new cloud column resistance value R It is also possible to formulate this using current density,
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where the air-to-earth current density is replaced with a fair weather air-to-earth current density, and a semi-fair weather (cloud) air-to-earth current density J 
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The approach is depicted in Fig. 2b . By integrating J no-cloud air-to-earth − J air-to-earth over the shown domain, i.e. the difference between the blue line and the fair weather current density (green and blue areas), and dividing only by the area of the cloud, the current density reduction is attributed to the 440 cloud area (indicated by arrows). So we define the cloud current density J The results for a stratus cloud with a vertical thickness of 1.5 km and a diameter of 10 km are shown in Fig. 3 . Above the cloud, a similar behavior of current spreading towards the cloud edges is found. However, since the cloud is close to the ground, the air-to-earth current density is reduced to 465 a value similar from what would be expected if horizontal currents were neglected, as shown in panel (b). It is interesting to note that this leads to an increase in air-to-earth current density in the cloud-free area next to the cloud edges. Analogously, panel (c) shows the column resistances from vertical integration of the reciprocal of conductivity R col (red), the effective column resistance R col (blue), and the average column resistance R cloud col (green) as defined above. Similarly to the cirrus cloud, the potential distribution in Fig. 3d depicts large horizontal gradients.
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Note that the results are approximately independent of the vertical and horizontal resolution of the simulation, as long as the cloud and the region below the cloud are resolved. Only for future studies of cloud edge charges would a higher vertical resolution to resolve the cloud edge, and a realistic 480 cloud edge conductivity profile, be required.
To compare the current divergence/convergence effect for different cloud types and horizontal dimensions, we compute the ratio R only distinguished by their altitude regime, using the ISCCP types. In the future, results from other satellite missions such as the NASA ICEsat (Ice, Cloud, and land Elevation Satellite) and CloudSat missions, can be used for more accurate global cloud thickness analysis.
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From Fig. 4 , one can see the effect is most important for clouds with a diameter less than 100 km. In the transition range, between 2 and 100 km, generally the effect is more pronounced, i.e. a smaller R cloud col /R cloud col , for clouds with a high cloud bottom for which the current diver-495 gence/convergence becomes more important as seen above. For example, the effect is less pronounced for cumulus and stratocumulus (red) with a bottom height of 1 km than it is for altostratus (green) with a bottom height of 3 km. However, very high clouds such as the cirrus type have a smaller 500 effect on column resistance because of the exponential increase of conductivity with altitude, i.e. changes in conductivity at higher altitudes are less important for column resistance than the same fractional change at lower altitudes. For A sensitivity analysis using η = 1/25 (not shown) yields increases in the ratio R 
Global effect
For estimating the impact of clouds in the fair weather part of the GEC on global resistance, it is necessary to take into account the cloud size distribution. Wood and Field (2011) have used MODIS, airplane and model data to show that the cloud 515 chord length (corresponding to the average cloud diameter, see their paper for more details), x, as well as the projected area obey a power law. For the cloud cover contribution C from clouds larger than x/x max they showed that
and found that β ≈ 1.7 and x max = 2000 km. For chord lengths larger than 2000 km, a scale break occurs.
The contribution C h of any chosen set of cloud horizontal sizes h i for the intervals [
then be calculated.
If we assume this result to be true individually for all types of clouds, the size-dependent cloud cover fraction is then g(h i , type) = f (type)·C h (h i ), where cloud-cover fraction f is given by satellite observations, e.g. by ISCCP, or model 530 simulations.
The high-resolution simulations for single clouds in the previous section are used to derive the ratio R cloud col /R no-cloud col for every cloud type. Note that the result will be independent of the model source currents or the ionospheric potential.
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The values for R col (φ, λ), from observations or model data, are then used to derive R cloud col for every cloud type. The current continuity approach column resistance R col for a cloud-covered model or observation column can then be calculated by averaging the individual values for 540 R cloud col (h i , type) weighted by the corresponding cloud cover fraction:
The use of R col as column resistance for a column partially 545 covered with clouds is also visualized in Fig. 1d .
Using the ISCCP cloud cover distributions we estimate the effect on global resistance. Background (cloud-free) conductivity data was obtained from the CESM1(WACCM) simulation used below, for annual mean conditions. Table 1   550 lists global resistance values for a cloud-free atmosphere, the small cloud approximation, the large cloud approximation, the current continuity approach, and total cloud cover averages. Using the small cloud approximation and ISCCP cloud cover data, ZT10 estimated an increase of global resis-tance through clouds by about 18 Ω, similar to the 22 Ω here (η = 1/50).
The large cloud approximation leads to increases of global resistance by up to 188 Ω (114 %), whereas with the current continuity approach, taking the current diver-gence/convergence into account, increases global resistance by 144 Ω (87 %). As expected, the latter value lies between the small and large cloud approximations. For η = 1/50, the small cloud approximation underestimates total resistance by 39 % compared to the current continuity approach, whereas 565 the large cloud approximation overestimates it by 14 %.
Similar to ISCCP, the Earth System Model CESM1(WACCM) was also used to calculate global resistances, using the model cloud cover, which is provided as a function of altitude and horizontal location. There is no 570 information on cloud type in CESM1(WACCM). Therefore, the cloud fractions were grouped to the same three heights as used in ISCCP (see Sect. 2.3). Then, the same procedure as for ISCCP can be used to derive column resistances.
Again, the large cloud approximation overestimates global 575 resistance significantly, by up to 21 %, when compared to the current continuity approach. Despite the slightly larger total cloud cover, the CESM1(WACCM) global resistances are consistently smaller by up to 37 Ω compared to ISCCP for all η. There 580 are several reasons for the discrepancies: first, since the model provides cloud coverage as a function of altitude, there is a major difference in the treatment of cloud thickness compared to ISCCP. Secondly, ISCCP cloud coverage data is only for daytime, which can be significantly different 585 to nighttime coverage. Finally, CESM1(WACCM) uses instantaneous values of cloud cover to calculate conductivity, column resistance, whereas ISCCP only provides time-averaged cloud cover, and therefore the derived global resistance is overestimated, as mentioned in the introduction.
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The annual mean column resistances, similar to Fig. 7 in B13, are shown in Fig. 5 for ISCCP and CESM1(WACCM) . Surprisingly, the model shows areas of higher column resistance in areas of high cloud coverage, yet the global resistance is smaller than from ISCCP, driven by the areas of little 595 cloud coverage, i.e. small column resistance.
The only available measurements of air-to-earth current density depending on cloud coverage were presented by Nicoll and Harrison (2009) . The authors found little change in the current density measurements, only fully-overcast con-600 ditions with thick clouds led to current density reductions. The model simulations support and explain these findings. Unfortunately, the authors did not present their results as a function of cloud size, since such data was not available, so a quantitative comparison or evaluation of the model re-605 sults is not possible.
Parametrization for 3-D conductivity calculations
3-D models used to calculate conductivity generally cannot resolve clouds because of their coarse horizontal resolution, and instead operate on cloud cover fractions for each 610 grid box. For the calculation of conductivity in such models, a parametrization is then required to account for the effect of clouds in the fair weather region of the GEC. The 3-D conductivity model results can then be used for global GEC models that solve the relevant PDE to derive global distribu-615 tions of potentials and currents.
ZT10 have provided a parametrization to account for clouds as discussed in the introduction. However, as shown above, the approximation only holds for very small cirrus clouds and underestimates the resistance increase through 620 clouds significantly.
Here, we introduce a parametrization suitable for all cloud sizes and vertical extents, based on the high-resolution model results of individual clouds presented above. This will yield corrections to conductivity such that the vertical current as-625 sumption can be employed again.
In a first step, the current continuity approach column resistance R col is parametrized using the approach to calculate the global effect presented in Sect. 4. The model data required for this is the fair weather column resistance, cloud 630 cover fractions for the pre-defined cloud types for every model grid point, and cloud cover for every model grid point as a function of model layer f (z).
We define effective conductivity σ such that
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We assume the following relationship between σ and the cloud-free conductivity:
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where a parameter γ is introduced that will take into account the non-linearity introduced by the current divergence/convergence around the clouds. Note that γ is not an assumed constant as in the work by ZT10, see Eq. (6), but will be derived from the known value for R col for every 645 model column. Using the assumed form for σ from Eq. (30), we can rewrite Eq. (29) as
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for n model layers with thickness ∆z. Eq. (31) is a polynomial with degree n for the variable γ. Here, Newton's method is used to numerically approximate γ for the function The first derivative is
With this, the solution is iteratively approximated using
While the polynomial in general has n number of solutions, only the largest γ is physically meaningful. For other solutions conductivity of the layer with the largest cloud cover f becomes negative. The initial guess γ 0 for the largest 665 γ is close to where the fraction reaches singularity,
Then, Newton's method reliably converges to this solution.
With γ from Eq. (30), σ(z) can then be calculated. Figure 6 shows cloud cover (left) and parameterized conductivity (right) profiles for a single column. The parametrized (red) conductivity σ is smaller than the background exponential (black) conductivity depending on the cloud cover of that layer. The ZT10 estimate is also shown 17 Ω m 2 . Vertically integrating the conductivity σ gives a result numerically identical to R col , as required by the 680 parametrization. Note that the vertical overlap shown here only refers to multiple cloud layers in a grid column, but assumes that the individual clouds are not physically overlapping. Such an overlap would lead to mutual coupling of the layers and would need a more advanced treatment that has 685 not been considered here.
The parametrization developed above was implemented as part of the CESM1(WACCM) conductivity module. As above, cloud cover without deep convection was used, in order to include only clouds in the (semi-)fair weather region.
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As an example, the logarithm of parameterized model conductivity for a single longitude and model time is shown in Fig. 7 (top) . Local reductions in conductivity correspond to the local cloud cover fraction, which is also shown (black contour lines). The bottom part depicts the column resistance 695 with (black) and without (red) clouds.
As in the previous section, the results also depend on η as well as the assumed cloud thicknesses that are used to derive R cloud col /R no-cloud col in the high-resolution simulation part. The effective conductivity distribution, σ, can be used 700 for global GEC models to calculate potentials and currents, while accounting for sub-grid scale effects of clouds.
Errors from this parametrization will be largest for areas of the globe where certain types or sizes of clouds are different to average distributions. If the cloud thicknesses are differ-ent to the assumed thicknesses, the parametrization will not give accurate results. No global measurements of these parameters are available, so an estimate of the errors made is currently not possible. The parametrization is based on the assumption that these clouds are not electrified. However, if 710 future measurements show that, in addition to deep convective clouds and some nimbostratus or shower clouds, other cloud categories do have electrification, this could significantly alter the global resistance results. The effect of largescale precipitation on the column resistance is also not taken 715 into account, as such effects are not yet understood.
Further uncertainties in the resistance estimate are due to mutual coupling of clouds if they are close to each other or vertically overlapping. Figure 8 shows current streamlines (top) and column resistance (bottom) around two clouds both 720 with radius 20 km and between 3 and 5 km in the vertical, separated by 3 km in the horizontal. For this simulation, the column resistance in the area between the clouds does not reach the fair weather column resistance, indicating mutual coupling at horizontal distances below approx. 3 km for this 725 cloud type. Note that the coupling is not a superposition, as can be shown from comparisons of the total resistance of the domain, which increases with decreasing distance between clouds. The cloud distance required for mutual coupling varies by cloud type and diameter. Errors of the column 730 resistance parametrization will be increasing if a significant fraction of small clouds experiences mutual coupling. There is currently not enough satellite data available to estimate this global effect.
Conclusions
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Using high-resolution model simulations of current flow in the return path of the GEC, the role of clouds was investigated. A finite element model was used to solve the relevant PDE, derived from the current continuity equation and Ohm's law, in the vicinity of various cloud sizes and alti-740 tudes. Clouds in the GEC current return path, which decrease electrical conductivity, in general, lead to a reduced current density beneath the cloud layer; however, the model shows that currents bend around clouds of limited horizontal extent (< 100 km), with current divergence above the cloud and 745 convergence below. Below the cloud, this leads to larger current densities and effectively a smaller cloud resistivity than expected if only vertical currents were considered. Qualitatively, this agrees with published air-to-earth current density measurements. This phenomenon was found to be impor-750 tant especially for clouds with a diameter below 100 km, and therefore leads to a significant error when using the classical approach to estimate global resistance, i.e. horizontally integrating column resistance. An "effective column resistance" was introduced, which restores the possibility to de-755 rive global resistance the classical way. The current continuity approach method is based on the numerical simulations of effective column resistance for single clouds as a function of cloud size and altitude.
as the ISCCP cloud database, the effect of clouds on global resistance, taking the divergence/convergence phenomenon into account, was estimated. Employing the current continuity approach introduced here, clouds in the fair weather part of the GEC were found to increase global resistance by up 765 to 120 Ω (73 % of the cloud-free atmosphere resistance) in the model, depending on assumed cloud properties. Using ISCCP, increases are even larger, but overestimated because of the use of time-averaged cloud cover. A previously published small cloud approximation leads to underestimation 770 of global resistance by up to 40 %, whereas a large cloud approximation, which only considers vertical currents and neglects divergence/convergence, leads to overestimation by up to 20 %. Current divergence/convergence around clouds should therefore not be neglected in studies of the (semi-) fair weather part of the GEC. For this purpose, a parametrization was developed that corrects conductivity depending on model grid cell cloud cover, such that only vertical current flow on the scale of grid columns needs to be considered. However, it is emphasized that for a better quantification of 780 the role of clouds in the GEC many aspects will require a better understanding. This includes improving estimates of the conductivity decrease in clouds, better distinctions between current generating clouds and other clouds, improved global cloud thickness data, and mutual coupling by vertical over-785 lapping or horizontal proximity. To experimentally validate the presented results, further work will focus on the analysis of vertical electric field measurements from large horizontal arrays of sensors. for different types of clouds: cumulus and stratocumulus (1-2 km, red), altostratus (3-5 km, green), altocumulus (2-3 km, blue), nimbostratus (2-5 km, yellow), cirrus (8-9.5 km, black). • E and 16 September 2005, 00:00 UTC, using the cloud conductivity parametrization. The black contour lines indicate cloud cover fraction (20%, 60%, 100%). Bottom: column resistance for the same location, using the cloud parametrization (black) and neglecting clouds (red). 
